Abstract-This paper presents an eccentricity harmonics detection-based speed estimation method in a sensorless efficient induction motors. Because of the influence of spectrum leakage, the motor current signature signals analysis method, which is based the stator current, could not extract eccentricity directly. We first utilize Teager-Kaiser Energy Operator (TKEO) to demodulate the sampled stator currents, and then extract the speed related harmonics with weakening the fundamental frequency component. At the same time, the digital signalprocessing techniques are exploited to extract the eccentricity harmonics signals, and the windowed and interpolated FFT are also be used to improve the accuracy of rotor speed estimation. Finally, by comparing the different speed estimation methods, this paper finishes the rotor speed estimation of induction motors. Experimental results show that the proposed speed estimation method can effectively extract the rotor speed harmonics under different load conditions.
I. INTRODUCTION
As the core issues of on-line condition monitoring, efficiency calculation, field-oriented control and fault diagnosis for induction motors, the rotor speed estimation is important to ensure the health and longtime operation for induction motors. Two commonly used speed estimation methods are utilizing speed sensing devices and sensorless speed estimation respectively. Compared with the speed estimation by means of speed sensing devices, sensorless speed estimation not only reduces the cost of the system, improves the reliability of the system that works in harsh environments, but also reduced system size, weight, and further simplifies the maintenance requirements. Therefore, sensorless speed estimation has been widespread concerned in academia. With the fast development of high-speed digital signal processors, various speed detection algorithms have been proposed, such as deal motor model direct estimation, sliding model observer method [1] [2] , model reference adaptive systems [3] , flux observer method [4] [5] , extended Kalman filter [6] [7] [8] , and speed estimation using rotor slot harmonics [9] [10] [11] [12] [13] .
The methods of sensorless speed estimation for induction motors can be divided into three types: (1) the mathematical model of induction motors based methods, namely the open loop calculation; (2) the closed loop control based methods to construct the speed signal, namely the closed loop construction; (3) the methods that utilizes the features of motor structure to pick up the speed signal, namely the signal processing [10] . Because the methods that picks up the speed signal from the features of motor structure are not affected by the motor mathematical model error and parameter changes, and thus have been attracted much attention of the researchers.
Among the methods that picks up the speed signal from the features of motor structure, rotor slot harmonics based speed measurement methods happens to be widely used [9] [10] [11] [13] . However, rotor slot harmonics are caused by the teeth-slot signals of motor periodic that changes in the air gap magnetic field, which means that the rotor slot harmonics existence with the interaction of pole pairs and number of rotor bars, that is, the rotor slot harmonics will not existence in some special combination of pole pairs and number of rotor bars [14] .
Unlike the rotor slot harmonics, because of the problems with design and manufacture technology, the inequality of the air gap exists between motor rotor and stator, that is, no matter what the kinds of combination of pole pairs and the number of rotor bars, the eccentricity-related harmonics are always present in the stator current. Therefore, the eccentricity-related harmonics detection makes it possible to estimate the speed of induction motor.
The speed estimation using eccentricity-related harmonics is a method that picks up the speed signal from the related harmonics are caused by motor eccentricity. However, if the speed is estimated with do stator current signal spectrum analysis directly, a major influence factor is the fundamental frequency of the stator current, especially the case where the eccentricity-related harmonics close to the fundamental frequency, we cannot extract eccentricity-related harmonics due to the spectrum leakage submerging other spectral response in its vicinity. Through stator current demodulation technology, we can extract the speed related harmonics with weakening the fundamental frequency component. At present, the commonly used stator demodulation methods to weaken or eliminate the fundamental frequency component include adaptive frequency-tracking methods, Hilbert transform methods and park transform methods [14] [15] [16] [17] [18] [19] [20] . All the above methods, the adaptive frequency-tracking methods are not used universally due to the complex mechanism and dependence on the motor parameter. Hilbert transform methods are highly nonlocal, and the computation of the Hilbert transform of a sampled current needs the processing of one direct fast Fourier transform (FFT) and one inverse FFT. The park transform methods need to capture the two motor currents and use the grid frequency in the synchronous reference frame transform, so that these methods are easy to be affected by the fluctuations of the power supply frequency. Among the numerous mathematical transform methods based demodulation techniques, Teager-Kaiser Energy Operator (TKEO) is able to demodulate the current operating just on three consecutive samples centered at each single sample point, which makes it extremely efficient in terms of the need of computational resources. The estimation accuracy of measuring motor speed from the demodulated signal using FFT is usually very low, that is because FFT is inevitable to cause the spectrum leakage and fence effect with truncation.
To address the problems of above demodulation methods and the impact of failure of the rotor slot harmonics detection methods, which are caused by the special combination of pole pairs and number of rotor bars, this paper presents a sensorless speed estimation method based on eccentricity harmonics detection. And a new method for demodulating the stator current prior to its spectral analysis is proposed, using the TKEO. Firstly, this paper conducts the theoretical analysis for the eccentricity-related harmonics, which caused by the motor eccentricity. Secondly, we use the TKEO to demodulate the stator current in order to extract the rotor speed harmonics and undermine the fundamental harmonic component. And then, we do band-pass filtering about the demodulated signal, and utilize windowed and interpolated spectral analysis techniques to extract rotor speed harmonics, at last we compare the results with using of FFT directly.
II. THE SPEED ESTIMATION PRINCIPLE BASED ON SPEED RELATED ECCENTRICITY HARMONICS DETECTION
There exist two types of air-gap eccentricity in induction motors, including static air-gap eccentricity and dynamic airgap eccentricity. Static eccentricity can occur due to the ovality of the stator core or the incorrect positioning of the rotor or the stator at the commissioning stage. In the case of the static airgap eccentricity, the position of the minimum radial air-gap is fixed in space. Dynamic eccentricity could generate from several factors, such as a bent rotor shaft, worn bearings, or coupling misalignment, mechanical resonance at critical speed, etc. In the case of dynamic eccentricity, the center of the rotor is not at the center of the rotation and the position of minimum air-gap rotates with the rotor [21] [22] . In reality, both static and dynamic eccentricities tend to coexist.
Air-gap flux density is taken as the product of permeance and magnetomotive force (MMF). Harmonics in the stator current are a result of voltage harmonics induced in the winding by the air-gap flux density harmonics. As a result, the frequencies of induced current harmonics can be determined by calculating the frequencies of air-gap flux density harmonics when viewed from the stationary reference frame.
In an un skewed rotor, the air-gap permeance per unit length is given by
where ( 
where 0 d is the permeance of the average air-gap length, se k is the degree of static eccentricity, de k is the degree of dynamic eccentricity and r w is the rotor rotational speed.
The nth harmonics of the stator magnetomotive force will approximately given by
where p is the pole pair and 1 w is the synchronous speed. So the flux density is 
We can see from Equation (4) that, the air-gap flux density harmonics not only have 1 nw th harmonics, but 1 ( ) r nw w ± th harmonics after rotor eccentricity. For a given pole pairs and power supply frequency, the synchronous speed of a rotating magnetic field are as follows,
where 1 f is the power supply frequency.
The difference between the synchronous speed s f and the mechanical rotor speed r f is the slip, which is given by
Equation (6) can be expressed as
i.e. 
Owing to the eccentricity, the speed related side-band components will appear around the supply frequency in the frequency spectra of motor currents, namely eccentricity harmonics frequency is given by
Using motor slip given by equation (7), equation (9) can be expressed as equation (10), i.e. we can get the speed related components
where the rotor speed units is / rev s ..
III. ECCENTRICITY HARMONICS DETECTION-BASED SPEED ESTIMATION METHOD
Our method is composed by five parts, including data acquisition, demodulating transformation with TKEO, bandpass filtering, spectrum analysis and spectral peak estimation. Using the TKEO to demodulate the acquired stator current could weaken the influence of the fundamental spectral leakage effectively, and is also in favor of extracting the rotor speed. In some engineering applications, because of the low estimation accuracy, FFT and some other spectral estimation methods could not meet the application requirements, so we adopt the windowed interpolation FFT approach to solve this problem.
A. Teager-Kaiser Energy Operator
For an arbitrary signal ( ) x t , the continuous form of the TKEOψ is denoted as [23] 
where ( )
For the discrete signal ( ) x n , by replacing the differential as difference in Equation (11), we could obtain the discrete form of the TKEO as
From Equation (12), we can see that only three continuous samples are required of TKEO. Besides, it is responsive for the change of instantaneous characteristics, and has lower computational complexity and high time-frequency resolution.
B. Speed Estimation Principle
From the above analysis, we can see that stator current would induce 1 ( ) r nw w ± th eccentricity harmonics, but because of the fundamental spectrum leakage, it is impossible to extract the eccentricity harmonics by FFT spectrum analyses of the stator current directly. But, we could extract the rotor speed harmonics by utilizing the TEKO to demodulate the stator current. For the convenience of derivation, assume that there is only 1 ( ) 
where max I is the peak of the fundamental wave frequency, ecc I is the peak of the eccentricity harmonics.
Because TKEO is able to demodulate current using just one-phase stator current, so we assume that utilizing a phase stator current to demodulate, and then substitute the a phase stator current of Equation (13) into the Equation (11), we can obtain that As shown in Equation (14), after the demodulation of stator current with TKEO, the power supply angular frequency is converted to DC component, and therefore, the fundamental frequency spectrum 1 f would not occur when estimating the rotor speed by utilizing the spectrum analysis of the demodulated signals, namely having eliminated the influence of the spectrum leakage of the fundamental frequency. And the angular frequency r w , which is relative to the rotor speed harmonics, present in the demodulated signal waveform. Compared with the stator current, it is easier to extract the rotor speed harmonics in the waveform.
In order to suppress the DC component of the demodulated signal, and improve the quality of the spectral analysis of the rotor speed estimation, the characteristic signals may be configured as follows,
C. Windowed and Interpolated FFT
Due to the fence effect and spectrum leakage, which caused by signal truncation, the FFT spectrum analysis of rotor speed estimation would result in lower precision of rotor speed estimation. So we adopt the windowed and interpolated FFT to estimate the rotor speed [25] [26] [27] . Hanning window, which is with a low calculation and good performance in inhibiting the effect of spectrum leakage, has a high detection precision. So we choose the Hanning window as the analysis window.
D. Block Diagram of Eccentricity Harmonics Detection-based
Speed Estimation Method Based on the above methods, the diagram of sensorless rotor speed estimation in this paper is shown in Fig. 1 . Firstly, we demodulate the acquired stator current with TKEO, and construct the characteristic signal ( ) TKEO i t , then extract the rotor speed harmonics r f , which are included in the eccentricity harmonics of stator current. Secondly, we band pass filter the obtained variables to eliminate the harmonic. And finally, we get the characteristic frequency by doing windowed and interpolated FFT for the filtered signals, and then we obtain the rotor speed. 
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Experimental Device and Data Acquisition
The experiment platform is mainly constructed by the high efficiency three-phase induction motor YE3-100L2-4 and DC motor Z2-42. The induction motor is driven by a DC motor, and the rotor speed is changed by adjusting the field voltage of the DC motor. Then Hall current sensor JLB-21 is used to gather the three-phase stator current signals. The experimental platform of data acquisition of the motor is shown in Fig. 2 . Fig. 2 The experimental platform of data acquisition of the motor
In the experiment, we adopt the oversampling method to gather the motor stator current, and set the load voltage as 0 ~ 120V. Then we down sampling the signals, which is after oversampling, in a 8th order Chebyshev low-pass digital filter. After that, we obtain the decomposed signal with a sampling frequency of 4096 Hz and a sampling time of 10s. Last, we perform the offline analysis of the acquired data in MATLAB. Fig. 3 , the labels are the fundamental frequency 1 f , the eccentricity harmonics 1 r f f ± and the rotor speed harmonics r f . With the comparative analysis, because of the fundamental spectrum leakage, eccentricity harmonics are completely covered, so we cannot extract the eccentricity harmonics in FFT spectral analysis of stator current directly. On the contrary, after demodulation of the stator current with TKEO, we could eliminate the impact of the fundamental spectrum leakage, and the fundamental frequency is converted to Dc component, which is very easy eliminated. Then, by band-pass filtering the characteristic signals ( ) TKEO i n , and eliminating the higher harmonics, we could extract the rotor speed harmonic r f with spectral peak estimation. The experiment results show that utilizing the Teager-Kaiser Energy Operator to demodulate the stator current could restrain the fundamental spectrum leakage, and the extracting of the rotor speed harmonic to estimate the speed could achieve better results under different load conditions, which further illustrates that the performance of our method is stable. Observation of the data in the table, the IFFT spectral analysis method is superior to FFT in rotor speed estimation. It's because that the spectrum leakage and fence effect in IFFT are overcome, so we could obtain higher estimation precision.
B. Experiment Results
V. CONCLUSION
Based on the analysis of the harmonics of air-gap flux density in theory, we obtain the fact that the rotor speed harmonics, which are caused by motor eccentricity, are contained in stator current. However, due to the influence of spectrum leakage of fundamental frequency, it is impossible to extract the eccentric harmonic by doing FFT spectrum analysis about stator current. Hence, we demodulate the stator current by utilizing the TKEO. And then based on the above results, characteristic signals are constructed to estimate the speed.
The experiment results show that utilizing the TKEO to demodulate the stator current can weaken the influence of spectrum leakage of fundamental frequency effectively and the rotor speed harmonics are visible clearly. Meanwhile, speed estimation has achieved relatively good results under different load conditions, which further illustrate the effectiveness of our method. We also overcome the influence of spectrum leakage and fence effect of FFT by using windowed interpolation FFT to spectrum analysis of amplitude fluctuation, which improves the precision of speed estimation. Because TKEO just use three consecutive sampling points when demodulate stator current to estimate the speed, so the calculation of our method is simple, and only occupy less memory, which make our method can get better performance in real time and easy to apply to embedded systems. Last, we do not depend on any parameters of the motor to estimate the speed, therefor our method has good commonality.
